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ABSTRACT 
Polyol structure can be affected by the catalyst used for its synthesis and may affect the curing kinetics and 
mechanical strength of the final polyurethane (PU). This work aimed to study the influence of catalyst con-
centration on the structure of bio-based polyols and on the final properties of the polyurethane adhesive ob-
tained from these polyols. Polyols were investigated by Fourier transform infrared (FTIR), gel permeation 
chromatography (GPC) and hydroxyl index analysis, with the purpose of investigating the polyols chemical 
state after the synthesis. Results suggest that higher catalyst concentration led to polyols with higher hydroxyl 
index and other differences in the polyols structure. The influence of the catalysts concentration on the cure 
kinetics of the polyurethanes was verified using the Fourier transform infrared (FTIR). In addition, peel 
strength of PU adhesives was obtained by increasing catalyst concentration on polyol synthesis.  
Keywords: Bio-polyol, catalyst, adhesives, polyurethane. 
1. INTRODUCTION 
Polyurethane adhesives are widely used because of their formulation versatility, which makes possible to 
obtain materials with a large range of mechanical properties and adhesion to several types of substrates. Pol-
yurethane properties can be changed by combining different raw materials, as well as by varying the ratio 
between the isocyanate and the polyol used on its formulation or synthesis [1, 2].   
 Among the components used in polyurethane synthesis, the polyol plays a determining role, it direct 
influences the morphology and properties of the polyurethane [3, 4]. Likewise, as verified in previous study, 
polyol structure can be affected by the catalyst type used for the reaction and might affect the curing kinetics 
and mechanical strength of the PU [5]. 
           Considering the need of developing sustainable materials to replace petroleum-based polyurethanes, 
several studies have been carried out for the development of PU from renewable sources. Many of those stud-
ies were focused on obtaining polyols from vegetable oils and using sustainable, or green, catalysts [6–9]. 
The effects of traditional catalysts in polyurethane chemical state is already well known [10], in which 
residues of metal catalysts, as tin-based catalysts, implies into high toxicity and might generate side reactions 
during PU synthesis. Thereby, tin-free catalysts (organometallic catalysts, metal salts and chelates) have been 
investigated as alternative to hazardous catalysts, which minimize these adverse effects [11–13].  
 In this context, our work investigated the influence of lithium organometallic catalyst concentration on 
polyol structure and consequently on the final adhesive properties of the synthetized PU (peeling), aiming to 
contribute to development of sustainable and bio-based polyurethanes with tin-free catalyst. 
2. MATERIAL AND METHODS 
2.1 Polyol synthesis 
Three different bio-based polyester polyols were synthesized using different catalyst concentrations, but with 
the same type and quantities of renewable raw materials and the same synthesis parameters. Catalyst concen-
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trations were defined based on reaction mechanism and are showed in Table 1. Polyol synthesis was based on 
alkyd resin reaction, as illustrated in Figure 1. The synthesis compounds and parameters cannot be presented 
in details due to industrial confidentiality. 
Table 1: Catalyst concentrations for polyol synthesis. 
LITHIUM CATALYST CONCENTRATION (wt %) 
POLYOL Li POLYOL 4Li POLYOL 15Li 
0,022 0,1 0,34
 
 
Figure 1: Schema of the polyol synthesis based on an alkyd resin reaction.  
2.2 PU preparation 
PUs were prepared by individually mixing the synthetized polyols with diphenylmethane diisocyanate (MDI), 
named DESMODUR
® 
2460 M (Covestro, São Paulo, SP/BR), with a NCO:OH molar ratio of 1.1:1, at room 
temperature for 2 min at 20 rpm in a 200-mL beaker. PUs were then cured at room temperature for 7 days.  
2.3 Characterization 
2.3.1 Hydroxyl index 
Hydroxyl index measurement was performed in triplicate, according to ASTM E222, through a titration 
method using a potentiometric titrator (Metrohm), which consists of the reaction of the terminal hydroxyl 
groups with organic anhydrides. 
2.3.2 Gel permeation chromatography (GPC) 
Polyols molecular weight was quantified by gel permeation chromatography, using a Waters binary HPLC 
pump and a Waters 2414 refractive index detector (Jundiai, SP/BR). The samples were dissolved in tetrahy-
drofuran (THF) at 30ºC. Polystyrene standards were used to obtain calibration curves.  
2.3.3 FTIR spectroscopy 
FTIR spectra were collected using a Perkin Elmer Spectrum (Varian 660) equipment (Jundiai, SP/BR) oper-
ating in the attenuated total reflection mode (ATR). Each sample was analyzed using a total of 32 scans per-
formed from 4000 to 600 cm
-1
 with resolution of 4 cm
-1
. To investigate the curing kinetics, FTIR spectra 
were collected at room temperature at different curing times (0, 10, 20, 30, 40, 70, 130, 190, 240, 360, and 
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480 min, and 24, 120, and 168 h). The results were normalized according to the intensity of the absorption 
band centered at 2924 cm
−1
, which is assigned to ν(CH2) asymmetric stretching. Peeling substrates, after fail-
ure, were analyzed by FTIR to determine the laminated sheets failure type as a function of PU groups pres-
ence on both laminate surface, Al and low density polyethylene. 
2.3.4 Brookfield viscosity 
Polyols viscosity were measured after the synthesis of the polyols using a Brookfield viscometer, model 
RVDV II + PRO (Jundiaí, SP-BR) according to ASTM D2146. The measurements were performed using 
spindle nº 27, at 25 ºC temperature and speed of 100 rpm. 
2.3.5 Mechanical properties 
The flexible laminates were composed by commercial LDPE film (Corona treatment), supplied by Nold 
Politech (Itaquaquecetuba, SP/BR), which were bonded by PU adhesives to Al films, previously deposited 
onto biaxially oriented polypropylene (BOPP) via vacuum evaporation (PVD), supplied by Vitopel (Mauá, 
SP/BR). Flexible laminated substrates, for peel tests, were prepared by manual lamination according to a 
well-established methodology described in details elsewhere [5,14–16], in which, PU adhesive was dissolved 
in ethyl acetate at a proportion of 1:1 and mixed for 2 min at 20 rpm and room temperature. The BOPP-Al 
films were immobilized on a flat surface, and then an application roller was used to apply 2 mL of the adhe-
sive over the Al surface, resulting into a homogeneous adhesive layer. Subsequently, LBPE film was placed 
over the adhesive to form BOPP-Al/PU/LDPE laminate.  The bonded layers were then cured at room temper-
ature for seven days to ensure full curing of the adhesive. The laminated BOPP-Al/PU/LDPE sheets were 
then cut into five samples with dimensions of 2.54 cm × 10 cm for peel testing. Peel strength measurements 
were performed with a cross-head speed of 0.280 m/min at room temperature according to the test method 
from ASTM Standard F904-98 (2008) using an EMIC DL-200 peel tester (Jundiai, SP-BR). Five samples 
were tested for each material condition. 
3 RESULTS AND DISCUSSION 
Bio-polyols syntheses occurred in two stages, a transesterification step followed by an esterification (Figure 
1). In the transesterification stage hydroxylated molecular structures are obtained and may have functionality 
equal to one or two (diols), once a non-hydroxylated oil was used as primary raw material [17, 18]. In the 
esterification step, part of the hydroxyl was consumed in order to obtain the polyester polyol.  Remaining 
hydroxyls were available in the final polyol to react with the isocyanate in the polyurethane synthesis [19]. 
Hydroxyl index measurements of the synthesized bio-polyols were performed to evaluate the influence of the 
catalysts concentration on the amount of hydroxyl of them.  
According to the results presented in Table 2, the increase of the lithium-based catalyst concentration, 
from Polyol Li to Polyol 4Li, led to an increase of hydroxyl content and a reduction of polyol viscosity. This 
combined behavior might be associated with the formation of branches in the polyol chemical structure. This 
could be occurring due to an excess of glycerol that could act as branching agent during the synthesis of pol-
yesters (esterification process) [20, 21]. The high glycerol content might be resulted from reversion reaction 
during transesterification. Additionally, the presence of unreacted glycerol could also contribute to reduction 
of polyol viscosity. However, complementary studies are needed to confirm the occurrence of branches. 
Comparison of Polyol 4Li and 15Li revealed no significant changes on hydroxyl index and viscosity.  
Table 2: Properties of synthesized polyols. 
 
HYDROXYL 
INDEX 
(mg KOH g
-1
) 
BROOKFIELD 
VISCOSITY 
(MPa.s) 
MN 
 (g.mol
-1
) 
MW  
(g.mol
-1
) 
POLYDISPERSITY 
(PDI) 
POLYOL Li 162.23 ± 7.01 1200 950 ± 03 1715 ± 06 1.80 ± 0.010 
POLYOL 4Li 179.65 ± 3.58 1010 848 ± 12 1472 ± 44 1.74 ± 0.030 
POLYOL 15Li 177.13 ± 2.06 1010 922 ± 11 1514 ± 03 1.64 ± 0.020 
 
It is also possible to identify a tendency of reduction in the molecular weight of the polyol and in its 
polydispersity with the increase of the catalyst concentration (Table 2). These results strengthen the argument 
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of reversion reaction during transesterification based on: i. an effective transesterification should increase 
PDI values, due to the heterogeneity caused by simultaneous presence of mono and diglycerides; ii. high con-
tents of monoglycerides, absence of reverse reaction during transesterification, generates a higher degree of 
conversion during esterification, which results into higher molar mass. The polymer molecular weight influ-
ences polyol viscosity, for example, the increase in molecular weight promotes an increase in the properties 
of impact strength, elongation at break and viscosity due to the increase in entanglements and intermolecular 
forces [22–24]. 
FTIR was applied to investigate polyols chemical state. Figure 2 shows a comparison of the normal-
ized FTIR spectra from polyol Li, 4Li and 15Li, in the region from 4000 cm
-1
 to 600 cm
-1
. Some characteris-
tics polyol bands were assigned in Figure 1(a): the band at 3450 cm
-1
 indicates the presence of hydroxyl 
groups; that band at 3008 cm
-1 
is attributed to the (CH) stretching; 2924 cm
-1
 to methylene asymmetric 
stretching νas(CH2) and 2854 cm
-1
 to the methylene symmetrical stretching νss(CH2) [3, 25, 26]. The hydroxyl 
band intensities presented in Figure 2(a) are in accordance with the hydroxyl index obtained by the titration. 
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Figure 2: Normalized FTIR spectra of polyols (a) from 4000 to 600 cm-1, (b) from 2000 to 600 cm-1 and (c) magnifica-
tion of the regions at 1250-1000 cm-1. 
Figure 2 (b) presented characteristic ester carbonyl bands, assigned to ν(C=O) stretching at 1731 cm-1, 
peaks at 1234 cm-1 and 1137 cm-1 are assigned to ν(C-O) stretching, and the band at 1168 cm-1 is assigned 
to ν(C-O-C) stretching [3, 26–28]. In addition, hydroxyl characteristic bands might also be identified at 1048 
cm-1 (primary hydroxyl stretching) and 1096 cm-1 (secondary hydroxyls stretching) [29]. Figure 2 (c) re-
vealed that the polyol with lower lithium concentration presented the highest intensity of ester groups (1234 
cm-1, 1137 cm-1 and 1168 cm-1) suggesting a higher polymerization rate. During the polyol synthesis, in the 
esterification reaction, a higher polymerization rate leads to a higher consumption of the hydroxyls present in 
the raw material and an increase in the amount of ester bonds formed [19, 30, 31].  
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FTIR spectra as a function of polyurethane curing time are shown in Figure 3. The curing reaction be-
tween the isocyanate and the polyol can be confirmed by the increasing of urethane band, assigned to amine 
group (ν-NH) at 3325 cm
-1
, whereas by the decreasing of isocyanate peak (ν-N=C=O in 2263 cm
-1
) and at 
last, the wide band corresponding to hydroxyl (ν-OH at 3400 cm
-1
) tend to disappear [32–34]. 
  
 
 
Figure 3: Normalized FTIR spectra as a function of curing time for (a) PU-Li , (b) PU-4Li and (c) PU-15Li. 
 Figures 3 (a) and 3 (b) revealed that, even after 168 h, there is still a low intensity isocyanate peak at 
2263 cm
-1
, indicating that the polymerization reaction of PU-Li and PU-4Li was not complete after 168 h at 
room temperature. In contrast, in Figure 3 (c) it can be seen that the isocyanate was totally consumed by PU-
15Li reaction after 168 h. The complete curing of PU-15Li might be consequence of high amount of residual 
catalyst in Polyol-15Li. 
 For a quantitative analysis of curing kinetics, isocyanate consumption (% NCO) was calculated using 
equation (1) [28]: 
 
  (1) 
 
where IRef is the intensity of the reference band (2924 cm
−1
 assigned to ν-CH2 asymmetric stretching), 
INCO is the intensity of the isocyanate band (2263 cm
-1
), tcure is the current reaction time, and t0 is the reaction 
time of the first measurement spectrum. 
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Figure 4: Isocyanate consumption (% NCO) as a function of PU curing time. 
The isocyanate consumption was plotted as a function of the curing time in Figure 4. It can be ob-
served in all cases that, initially the isocyanate consumption occurs at higher rates up to 10 h of reaction, fol-
lowed by a considerable reduction in the polymerization rate. Higher initial polymerization rates might be 
related to high concentration of free reactive groups, which decreases during the polymerization reaction, 
thus decreasing the reaction rate [28]. 
Once polyols chemical state and polyurethane curing kinetic were discussed, mechanical results and 
their relation to chemical state must be stablished. The mechanical behavior of adhesively bonded joints can 
be strongly affected by several factors. In the case of polyurethane adhesive, factors such as NCO/OH ratio, 
crosslink density and ratio between rigid and flexible segments can influence the mechanical behavior of the 
adhesive joint [2, 14, 15]. Moreover, when it comes to flexible laminates with an aluminum substrate, the 
mechanical behavior can also be influenced by changes in the aluminum composition caused by the substrate 
ageing, which leads to a possible reaction of the NCO with aluminum hydroxide [14].  
In Figure 5 it might be observed that the values of peeling strength for the adhesives obtained from the 
polyols with higher concentration of the lithium catalyst are greater. This behavior can be correlated with the 
residual isocyanate content after polyurethane curing and the bio-polyol hydroxyl content which could influ-
ence the crosslinking density of the material. It was observed that in the case of PU-Li and PU-4Li, which 
still showed an isocyanate peak after 168 h, the average peeling resistance was significantly lower than that 
of PU-15Li. The presence of an isocyanate peak after 168h indicates that the cure of these materials was not 
complete. The sample PU-15Li, which accordingly to FTIR was completely cured, might justify the higher 
average peeling resistance as consequence of higher crosslinking density [5]. 
 
  
Figure 5: Laminates average peel strength. 
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After peel tests, both surfaces (aluminum and PE layers) of delaminated samples were analyzed by 
FTIR to determine the type of failure at the adhesive joint. FTIR results are presented in Figure 6. The pres-
ence of PU adhesive on sample surfaces was verified by FTIR through the characteristic polyurethane peaks, 
amine bond stretching (ν-NH at 3325 cm
-1
) and the stretching of the carbonyl bond (1724 cm
-1
).  
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Figure 6: FTIR spectrum of the metallized and polyethylene films after the laminate peeling test of (a) PU-Li, (b) PU-4Li 
and (c) PU-15Li. 
 Figures 6 (a) and (b) indicate a cohesive failure of the adhesive, once the presence of polyurethane 
was confirmed on both surfaces of metallized and PE films [15]. In Figure 6 (c), the characteristic peaks of 
the polyurethane were not identified through this technique, on the metallized surface. The absence of char-
acteristic PU peaks on Al surface indicated  an aluminum substrate failure, which is in agreement with the 
peak found in 940-1000 cm
-1
 of Al-OH bonds [14, 15]. In addition, it was possible to confirm the presence of 
residual isocyanate only in the polyethylene substrate (PU-Li and PU-4Li) through a low intensity peak relat-
ed to the asymmetric stretching of the isocyanate (νa-N=C=O in 2263 cm
-1
). 
4 CONCLUSIONS 
In this work three different bio-based polyester polyols were synthesized using different catalyst concentra-
tions. FTIR analysis showed that the increase in the lithium catalyst concentration lead to an increase in the 
hydroxyl content and a decrease in the viscosity of the bio-polyols, which are related to changes in the polyol 
physical-chemical properties as a function of the catalyst concentration. Polyol obtained with highest Li con-
centration generated polyurethane with complete and faster curing, besides superior peeling strength. PU-
15Li was the unique condition that generated substrate failure (deposited Al layer). 
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